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Studies of Competing Evaporation Rates of Multiple Volatile 
Components from a Single Binary-Component Aerosol Droplet  
F. K. A. Gregsona, M. Ordoubadib, R. E. H. Milesa, A. E. Haddrella, D. Baronab, D. Lewisc, T. Churchc, 
R. Vehringb and J. P. Reida,* 
The simultaneous evaporation and condensation of multiple volatile components from multicomponent aerosol droplets 
leads to changes in droplet size, composition and temperature. Measurements and models that capture and predict these 
dynamic aerosol processes are key to understanding aerosol microphysics in a broad range of contexts. We report 
measurements of the evaporation kinetics of droplets (initially ~25 µm radius) formed from mixtures of ethanol and water 
levitated within a electrodynamic balance over timescales spanning 500 ms to 6 s. Measurements of evaporation into a gas 
phase of varied relative humidity and temperature are shown to compare well with predictions from a numerical model. We 
show that water condensation from the gas phase can occur concurrently with ethanol evaporation from aqueous-ethanol 
droplets. Indeed, water can condense so rapidly during the evaporation of a pure ethanol droplet in a humid environment, 
driven by the evaporative cooling the droplet experiences, that the droplet becomes pure water within 0.4 s.
Introduction 1 
The evaporation of droplets containing multiple volatile liquids under 2 
varying gas phase conditions is important for a range of industries. 3 
The drying of droplets containing multiple volatile and involatile 4 
components is an essential step in industrial manufacturing 5 
techniques such as spray-drying and delivery processes such as crop 6 
spraying and painting, and the evaporation of multicomponent fuels 7 
is an active area of research. 1 In drug delivery, inhalable active 8 
pharmaceutical ingredients (APIs) are often delivered as aerosols 9 
from pressurised metered dose inhalers in mixtures of propellants 10 
and co-solvents. Aerosolization is followed by rapid evaporation of 11 
the volatile components leaving the API and any involatile additives. 12 
2  Quantifying the size of a resulting particle under different 13 
conditions is  often imperative to the application; for example, the 14 
deposition fraction of particles in different areas of the lung is, 15 
among other factors, dependent on particle size and composition 16 
(including water content). 3 In addition, the dissolution rate, stability 17 
and rheology of spray-dried microparticles is very sensitive to the 18 
particle size and the drying history. 4–6 An improved understanding 19 
of droplet drying kinetics could lead to greater product control.  20 
While the evaporation of micron-sized droplets features in countless 21 
applications, a quantitative understanding of the time-evolving size 22 
and composition of multicomponent droplets remains a challenge to 23 
measurements and models. Previous work has addressed the 24 
problem of multiple volatiles with different vapour pressures, 25 
considering the need to represent internal concentration profiles 26 
within a Maxwell-Stefan framework.7,8 We now move towards 27 
systems of competing evaporation rates with components of similar 28 
volatility. In such systems, an array of different transport 29 
mechanisms compete on similar timescales. Mass transfer between 30 
the condensed phase and gas phase is coupled to heat transfer, a 31 
consequence of the latent heat expelled during the conversion of 32 
liquid to vapour. When more than one component is present, 33 
diffusional mixing can act to maintain a homogeneous composition 34 
throughout a particle during evaporation. Alternatively, if the rate of 35 
evaporation is large, the droplet may become radially 36 
inhomogeneous if the mixing rate cannot compete with the rate of 37 
surface recession. 9  38 
Studying the kinetics of evaporation of micron-sized droplets is 39 
challenging because of the speed of the drying process and because 40 
of the technical challenges associated with performing in situ 41 
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measurements. However, single particle techniques can provide 1 
insight into the drying processes. 10 Reports of measurements of the 2 
kinetics of evaporation or condensation of single aerosol droplets 3 
have been provided in numerous publications, 11–13 wherein a 4 
droplet is isolated through an electrodynamic trap or optical 5 
levitation or tweezing. The rates of mass transfer in such experiments 6 
are often slow such that the process can be assumed to be 7 
isothermal and steady. Semi-analytical approaches to predict the 8 
kinetics of condensation or evaporation of unary or binary droplets 9 
can be derived. However, these approaches rely on the assumption 10 
that quasi-steady-state mass and heat fluxes are uncoupled. 14 11 
In the previously mentioned applications of pulmonary drug delivery, 12 
fuel-delivery for combustion and spray-drying, evaporation is 13 
typically unsteady and the differential equations for mass and heat 14 
transfer must be solved simultaneously as they are strongly coupled. 15 
Previous studies have observed the evaporation kinetics of rapid 16 
droplet drying, with time scales on the order of milliseconds, using a 17 
free-falling droplet chain in a gas-flow of dry-nitrogen. 15,16 The 18 
evolution of composition during the evaporation of ethanol-water 19 
droplets has been studied using cavity-enhanced Raman scattering 20 
(CERS) on a falling droplet train. 17 The preferential evaporation of 21 
ethanol was observed initially, owing to its higher volatility than 22 
water. In many applications, the gas phase surrounding droplets is 23 
humid and, thus, not only evaporation but gas-particle partitioning 24 
from the vapour phase onto the droplet (i.e. condensation) must be 25 
considered. Whilst there are existing models that have been shown 26 
to treat the droplet temperature explicitly in evaporating 27 
droplets,17,18 here we validate a modified Maxwell equation with 28 
sophisticated experimental data that highlight the implications of 29 
this temperature drop: competing evaporating rates and 30 
condensation from the vapour phase onto the droplet.   31 
In this work, we report studies of the evaporation of droplets formed 32 
from mixtures of ethanol and water of ~25 µm radius levitated within 33 
a comparative-kinetics electrodynamic balance (CK-EDB) over 34 
timescales spanning 500 ms to 6 s. The CK-EDB instrument allows 35 
control over both the relative humidity (RH) and temperature within 36 
the gas phase. Ethanol and water are chosen as a benchmark system 37 
for study because of the accuracy with which their transport 38 
properties in the gas and condensed phases are known, the similarity 39 
in their refractive indices, the precedent in the literature for studying 40 
the evaporation of single component water and ethanol droplets, 41 
and their relevance for processes such as drug delivery to the lungs. 42 
We introduce the experimental methods in Section 2 before 43 
presenting measurements of the evaporation kinetics of pure 44 
ethanol and mixed ethanol-water droplets in dry and humid air, 45 
Section 3. The measurements are compared with a numerical model 46 
that captures the heat and mass transfer during the evaporation and 47 
condensation processes, and we consider the uncertainties in the 48 
model predictions and measurements that must be understood 49 
when comparing them. We conclude by examining the competing 50 
evaporation and condensation of ethanol and water, respectively, 51 
when pure ethanol droplets evaporate in a humid atmosphere.  52 
Experimental 53 
The evaporation of single aerosol droplets containing mixtures of 54 
water and ethanol was studied using a CK-EDB. In all experiments, 55 
HPLC grade water (Fisher Scientific) and absolute grade ≥ 99.8% 56 
ethanol (Sigma Aldrich) was used. This approach has been described 57 
in detail in a previous publication 19 so will only be briefly discussed 58 
here. A single, charged droplet (~ 25 µm radius) of known initial 59 
composition is produced by a droplet-on-demand generator and 60 
injected into the centre of an environmentally controlled chamber, 61 
where it is trapped by the presence of an electrodynamic field. The 62 
droplet is confined within the centre of two sets of concentric 63 
cylindrical electrodes mounted vertically opposite one another. The 64 
electrodynamic field is produced by applying an AC voltage across 65 
the inner pair of electrodes. An additional DC voltage is applied to 66 
the lower electrode to counteract the gravitational force acting upon 67 
the droplet. The temperature of the trapping chamber (variable from 68 
273 K to 323 K) is controlled by circulating ethylene glycol coolant 69 
around the electrodes. A gas flow of controlled RH (<10 to <90%) 70 
formed from mixing wet and dry nitrogen flows passes over the 71 
trapped droplet with a speed of typically 0.03 m s-1.  72 
The droplet is illuminated with a 532 nm continuous-wave laser, with 73 
interference between the reflected and refracted rays leading to a 74 
characteristic angularly-resolved elastic-scattering pattern consisting 75 
of light and dark fringes (phase-function). The phase-function is 76 
collected by a CCD centred at 45° to the forward scattering direction, 77 
over an angular range of ~24°. The angular separation between the 78 
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fringes in the phase-function, Δθ, can be used to estimate the droplet 1 
radius, r, using the geometrical optics approximation to Mie theory: 2 
𝑟 =  
𝜆
Δ𝜃
 (cos (
𝜃
2
) + 
𝑛 sin(
𝜃
2
)
√1+ 𝑛2−2 𝑛 𝑐𝑜𝑠(
𝜃
2
)
)
−1
      (1) 3 
where λ is the laser wavelength, θ is the central viewing angle and n 4 
is the droplet refractive index. This approximation has been shown 5 
previously to determine the radius to an accuracy of ± 100 nm. 20 6 
A comparative kinetics approach is used to determine the exact RH 7 
at the trapping position by measuring the evaporation kinetics of a 8 
probe droplet prior to the sample ethanol-water droplet of interest. 9 
For RHs above 80%, a probe water droplet is used. The  evaporation 10 
kinetics are fitted using the semi-analytical model of Kulmala et al. to 11 
determine the RH to an accuracy of ~ ± 1%. 14 For RHs between 45% 12 
and 80%, an aqueous NaCl probe droplet is used by probing the final 13 
equilibrated size of the droplet: the RH is determined from the 14 
growth factor corresponding to the equilibrated particle radius and 15 
a parameterisation based on the E-AIM model, to an accuracy of ~ ± 16 
1%. 21 This comparative kinetics approach for determining gas phase 17 
RH has previously been validated for a range of inorganic 18 
compounds.20 For RHs below 45%, an approximate RH is determined 19 
by using the ratio of dry to wet nitrogen flows set on the mass-flow 20 
controllers, with an accuracy of ~ ± 2%. 21 
All data are collected assuming that the droplet refractive index 22 
remains constant throughout the evaporation process at 1.333, 23 
equivalent to that of pure water at λ =532 nm. No further correction 24 
is made to account for the ethanol present in the droplet due to the 25 
similarity in its refractive index (1.3614 at λ = 532 nm) to that of 26 
water. 22 There is a dependence of the refractive index of water on 27 
the droplet temperature, which in this study varies over ~ 20 K. 28 
However, the refractive index of water between 273 K and 293 K 29 
varies by only 0.001 and, hence, this effect can be neglected in this 30 
work. 23 31 
Results and Discussion 32 
We first discuss measurements of the evaporation kinetics of both 33 
pure ethanol droplets and mixed ethanol-water droplets evaporating 34 
into a dry nitrogen atmosphere in the CK-EDB. The evaporation 35 
kinetics at a range of gas phase temperatures are compared. We then 36 
explore the evaporation kinetics of mixed ethanol-water droplets 37 
into varying relative humidities. We introduce a numerical model for 38 
simulating the evaporation of ethanol-water droplets, providing 39 
time-dependent predictions of the evolving droplet radius, droplet 40 
temperature and the changing concentration of the two volatile 41 
components present in the droplet. We then use the model to 42 
explore the interesting case of a pure ethanol droplet evaporating 43 
into high RH conditions.  44 
Evaporation of Pure Ethanol and Mixed Ethanol-Water 45 
Droplets in Dry Nitrogen 46 
We begin by considering the general trends observed in the 47 
evaporation kinetics of droplets containing only volatile 48 
components. A measurement of the time-dependent radius-squared 49 
of a pure ethanol droplet evaporating in the CK-EDB into dry nitrogen 50 
at a gas phase temperature of 293 K is shown in Fig. 1 (red triangles). 51 
The evaporation proceeds in a constant rate until ~ 0.4 s when the 52 
evaporation rate decreases. This reflects the effective distillation of 53 
the two components: it is expected that ethanol, with a higher 54 
volatility, evaporates faster leaving water remaining in the droplet. 55 
 The mass flux, Im, during the isothermal evaporation of single 56 
component droplets at the same temperature as the gas phase can 57 
be calculated from the Maxwell equation: 24 58 
𝐼m = 4 π 𝐷 𝑟 (𝐶s − 𝐶∞)            (2) 59 
where D is the mass diffusivity of the vapour component in the gas 60 
phase, 25,26 r is the droplet radius and C is the vapour concentration 61 
one mean-free path from the droplet surface (subscript s) or far from 62 
the droplet (subscript ∞). This equation is derived assuming that the 63 
evaporation is gas-diffusion controlled, in the continuum regime, 64 
with negligible effects from Stefan flow and the Kelvin effect. 65 
Expression in terms of the rate of radius-change (rather than mass 66 
change) and integration leads to the radius-squared rule: 67 
𝑟2 =  𝑟0
2 − (
2 𝐷 𝑀𝑖 𝑝𝑖
0(𝑇)
𝜌𝑖 𝑅 𝑇
) (𝑡 − 𝑡0)    (3) 68 
where ρi is the density of the droplet, Mi is the molar mass of the 69 
evaporating component, pi0 is the vapour pressure of the 70 
evaporating component at droplet temperature T and R is the molar 71 
gas constant. Evaluation of Equation 3 leads to a constant gradient in 72 
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radius-squared with time, t. Thus, for comparison with the 1 
measurements, we have included in Fig. 1 the expected gradients for 2 
pure ethanol droplets with the same starting radius as the 3 
experimental data evaporating at a range of gas phase temperatures. 4 
In these simulations, the vapour concentration at the droplet surface 5 
was calculated using the temperature-dependent vapour pressure of 6 
ethanol and assuming that the droplet was at the same temperature 7 
as the gas phase. The gas phase is assumed to be devoid of ethanol. 8 
As might be anticipated, the measured evaporation rate of pure 9 
ethanol into dry nitrogen at 293 K is not well represented by the 10 
radius-squared rule when the droplet temperature is assumed to be 11 
the same as the gas phase temperature. Indeed, to accurately reflect 12 
the gradient recorded in the experimental data, the assumed droplet 13 
temperature must be reduced to 276 K, which is the wet-bulb 14 
temperature in this case. This demonstrates the extent to which the 15 
mass and heat flux during this rapid evaporation process are coupled, 16 
and the need for a numerical model that can consider the effect of 17 
temperature suppression on the kinetics of such a rapidly 18 
evaporating droplet. 27  19 
Qualitatively, as the ethanol droplet evaporates, the ethanol 20 
molecules transitioning from the liquid state (the droplet) to the 21 
vapour state (the gas phase) remove energy from the droplet in the 22 
form of the latent heat required for vaporisation. As expected, this 23 
loss of energy is manifested as a decrease in the surface temperature 24 
of the droplet, which undergoes rapid cooling as the evaporation 25 
progresses. The cooling at the droplet surface reduces the vapour 26 
pressure of ethanol, which in turn reduces the evaporation rate. 27 
Thus, the experimental measurement of a pure ethanol droplet 28 
evaporating into dry nitrogen in the CK-EDB at a gas phase 29 
temperature of 293 K is slower than estimated by a simple radius-30 
squared rule at the same temperature.  31 
The time-dependent radius-squared of a droplet containing a 32 
mixture of ethanol and water (70% and 30% by weight, respectively), 33 
evaporating into dry nitrogen at 293 K, is also shown in Fig. 1 (blue 34 
squares). The pure component vapour pressure of ethanol at 293 K 35 
is greater than that of water (5.7 KPa for ethanol 28 compared to 2.34 36 
kPa for water at 293 K 29), so it is expected that the ethanol will 37 
evaporate more rapidly from the droplet at early time, followed by 38 
evaporation of the water. Indeed, the non-uniform evaporation 39 
profile with two linear sections separated by an inflexion point at 40 
approximately 0.5 s is consistent with this expectation, reflecting the 41 
effective distillation of the two components with differing volatilities. 42 
The initial evaporation rate of the mixed droplet is lower than that of 43 
the pure ethanol droplet due to the presence of water reducing its 44 
vapour pressure. The Henry’s law activity coefficient for ethanol in 45 
70% wt/wt aqueous ethanol system is 0.59, meaning that the vapour 46 
pressure of ethanol in the initial droplet is 3.5 kPa compared to the 47 
5.7 kPa if it were pure ethanol at 293 K. 30,31 For water, the activity 48 
coefficient in this initial composition of 70% ethanol : 30% water is 49 
0.71, reducing the vapour pressure to 1.7 kPa from a value of 2.3 kPa 50 
for pure water. However, the final evaporation rate of the mixed 51 
droplet is very close to that of the simulated evaporation profile of a 52 
pure water droplet under the same conditions, also shown in Fig. 1. 53 
The black line in Fig. 1 shows a simulation of a pure water droplet 54 
evaporating in dry nitrogen at 293 K, using the K-V-H model 55 
presented by Su et al. 32 This simulation, which accounts for 56 
evaporative cooling caused by coupled heat and mass transfer in the 57 
evaporation of pure water, shows a gradient which very closely 58 
matches the final gradient in the 70% ethanol : 30% water droplet, 59 
within the uncertainty of RH (± 2%) and temperature (± 1.5 K). This 60 
demonstrates that in the later stages of this measurement, the 61 
ethanol has completely evaporated, leaving a pure water droplet. 62 
Indeed, the water simulation starts with a volume equivalent to the 63 
quantity of water present in the mixed ethanol-water droplet. The 64 
transition in gradient rather than an abrupt change indicates that 65 
there is not a defined period of ethanol evaporation followed by 66 
water evaporation; rather, the co-evaporation of both components 67 
occurs, with a gradual decrease in ethanol composition until only a 68 
pure water droplet remains. The grey circles in Fig. 1 show a droplet 69 
containing 50% ethanol : 50% water evaporating into dry nitrogen. It 70 
can be seen that with a decrease in initial ethanol content the time 71 
that the evaporation rate decreases occurs earlier. The second linear 72 
stage of evaporation shows an approximately equal evaporation rate 73 
to that of the 70%:30% mixed droplet, supporting the theory that the 74 
droplet is pure water at this time. 75 
The evaporation of mixed component droplets (70% ethanol : 30% 76 
water by weight) was repeated at a range of gas phase temperatures 77 
from 273 K to 293 K (see Fig. 2). As the gas phase temperature is 78 
reduced, the vapour pressures of both ethanol and water are 79 
lowered and, thus, it takes longer for the droplet to evaporate. The 80 
transition from a majority-ethanol droplet to one which is mostly 81 
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water, appears to shift to later times and becomes a smoother 1 
transition with reduction in temperature. This can be attributed to 2 
the temperature-dependent vapour pressure of ethanol and water 3 
being closer at colder temperatures, as shown in the Supplementary 4 
Information. Although in Fig. 2 the evaporation appears to proceed 5 
with an equivalent rate at 293 K and at 285 K, the initial droplet size 6 
for the data at 293 K is larger, hence the evaporation rate is greater. 7 
This can be seen more clearly in the Supplementary Information 8 
where a version of this plot is presented which is normalised with 9 
respect to the initial r2. 10 
The measurements in Fig. 1 and 2 demonstrate that, even for the 11 
simplest cases of pure ethanol or mixed ethanol-water droplets 12 
evaporating into a dry nitrogen atmosphere, the kinetics of the 13 
evaporation process are complicated by the effect of evaporative 14 
cooling. This supresses the component vapour pressures at the 15 
droplet surface. In addition, the concurrent evaporation of ethanol 16 
and water leads to temporal variations in size that show complex, 17 
non-monotonic behaviour. In the next section we will discuss the 18 
more complex situation of ethanol and ethanol-water droplet 19 
evaporation into a humid atmosphere. 20 
Evaporation of Mixed Ethanol-Water Droplets in Humid 21 
Nitrogen 22 
The time-dependent radii of droplets containing 50% ethanol : 50% 23 
water (wt/wt) as they evaporate at 293 K into environments of 24 
different RH in the CK-EDB are presented in Fig. 3. The droplet 25 
evaporation profiles in humidified nitrogen show much more 26 
pronounced transitions in evaporation rate than in the experiments 27 
carried out in dry nitrogen in Fig. 1 (grey circles). The evaporation 28 
event appears to proceed in two stages. First, the initial rapid 29 
evaporation of ethanol occurs with a rate that appears to be largely 30 
independent of the RH. This is followed by a second stage 31 
characterised by the slow evaporation of water. As expected, this 32 
second stage shows a strong dependence on the RH in the gas phase, 33 
consistent with the assumption that it is largely determined by water 34 
evaporation.  35 
In the CK-EDB, trapped droplets undergo evaporation within a gas 36 
flow which passes over the droplet surface, continually refreshing 37 
the droplet environment. For droplets evaporating into dry 38 
conditions, the presence of the gas flow means that it can be 39 
assumed that the volume of gas surrounding the droplet is infinite 40 
and continuously replenishes dry nitrogen to the droplet surface. 41 
Hence, for droplets evaporating into dry conditions, re-condensation 42 
of the evaporating component from the gas phase back onto the 43 
droplet cannot occur. However, when water is present in the gas 44 
phase, i.e. a non-zero RH, the droplet evaporation process is 45 
complicated by the possibility of gas-to-particle partitioning. 46 
Condensation of water from a humid environment onto a droplet can 47 
occur if the vapour pressure at the droplet’s surface is lower than the 48 
partial pressure of water vapour in the gas. At room temperature, 49 
ordinarily the condensation of water onto a water droplet 50 
evaporating under sub-saturated conditions (i.e. an RH < 100%) 51 
cannot occur. However, the rate of ethanol evaporation at 293 K is 52 
on the order of 1 × 10-10 kg s-1, which is sufficient to cause evaporative 53 
cooling of the droplet of around 17 K, as demonstrated in Figure 1. 54 
The evaporative cooling decreases the saturation vapour pressure of 55 
water at the droplet surface, which may become low enough that it 56 
exceeds the partial pressure of water in the gas flow at the ambient 57 
temperature, leading to a supersaturation with respect to water 58 
vapour in the surface region which results in the condensation of 59 
water from the gas phase onto the droplet as the ethanol 60 
evaporates. 33 This is in agreeement with previous observations of 61 
water condensation onto much larger evaporating droplets, such as 62 
ethanol drops deposited on a surface 34 or acoustically-levitated 63 
droplets containing 1-butanol, 35 both on the order of millimetres in 64 
radius. 65 
Comparison of Measurements of Multicomponent 66 
Evaporation of Ethanol–Water Droplets with a Numerical 67 
Model 68 
A modified quasi-steady model based on the Maxwell equation 69 
appropriate for multicomponent systems is employed to study 70 
temperature, composition and size histories of the droplets in 71 
conjunction with the CK-EDB data. The model accounts for the non-72 
ideal mixing of water and ethanol in both density and activity 73 
coefficients and calculates the temperature and mass of the droplet 74 
from the superposition of the effects of each individual component 75 
in the equations of conservation of mass and energy. It also accounts 76 
for simultaneous evaporation and condensation of different species. 77 
The interaction of different vapours with each other is ignored and it 78 
is assumed that the vapour diffusion of one vapour does not affect 79 
the diffusion of the other component. Also, it is assumed that the 80 
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liquids mix infinitely fast and the temperature is uniform across the 1 
droplet, although it can change with time.  2 
The net evaporation rate of the droplet, Im is obtained from Equation 3 
2. In this equation Cs for each component i is obtained from the 4 
modified Raoult’s law using the temperature, composition and 5 
activity coefficients of different liquid components in the mixture at 6 
each time-step. The droplet temperature, Ts, is obtained from: 7 
𝜌𝐶p
 𝑟2
3
d𝑇𝑠
d𝑡
= −?̅?(𝑇s − 𝑇∞) − ∑ 𝐿𝑖𝐷𝑖(𝐶𝑠,𝑖 − 𝐶∞,𝑖)  (4) 8 
where 𝜌, 𝐶p, ?̅?, 𝑇∞ and 𝐿𝑖 are the droplet density, droplet specific 9 
heat capacity, the gas thermal conductivity at an intermediate 10 
temperature around the droplet 36 and the latent heat of 11 
vaporization of component i, respectively. The droplet density can be 12 
obtained from empirical relationships available for the mixtures of 13 
interest. For example, to account for the no-ideal mixing of water and 14 
ethanol, the relationship proposed by Khattab et al. is used in this 15 
study. 37 The other transport and material properties such as the 16 
vapor diffusion coefficients, latent heats of vaporization, specific 17 
heats and gas thermal conductivities were obtained from 18 
appropriate temperature dependent correlations. 38–41 19 
Fig. 4 shows the measured evaporation profiles from Fig. 3, 20 
compared to those predicted by the numerical model. The shading 21 
refers to the effect on the model predictions of the uncertainty in the 22 
experimental conditions, such as RH, temperature and initial droplet 23 
radius. The model successfully reproduces the two distinct 24 
evaporation stages corresponding to the rapid loss of ethanol and 25 
slower loss of water, with good agreement seen between the 26 
predicted time when the evaporation rate changes and that 27 
observed experimentally. Whilst the model lies very close to the 28 
experimental data in panels (a), (c) and (e), there is a discrepancy 29 
with the data in panels (b) and (d). Possible causes of this discrepancy 30 
will be discussed later in this section. 31 
The initial large mass-flux of ethanol from the droplet induces a 32 
reduction in the droplet temperature, as demonstrated in Fig. 1. If 33 
the droplet cools sufficiently, the partial pressure of water vapour 34 
present in the gas phase due to the RH in the gas flow will lead to 35 
supersaturation at the cooled droplet surface, inducing water 36 
condensation from the gas phase onto the droplet. 33 This is not too 37 
dissimilar from the process that drives the condensation of water 38 
onto aerosol particles to form cloud droplets: a supersaturation of 39 
water in the gas phase in a rising and cooling air parcel drives water 40 
condensation. 42 Here, we see a combination of ethanol evaporation 41 
and water condensation during the first stage of the evaporation 42 
process.  43 
The predicted changing droplet compositions throughout the 44 
evaporation process at different RHs are shown in Figure 5a. The 45 
figure shows the initial rapid loss of ethanol mass from the droplet 46 
over a period of around 0.2 – 0.3 s. The resultant cooling of the 47 
droplet leads to the condensation of water from the gas phase, 48 
increasing the mass of water in the particle. The larger the relative 49 
humidity, the greater the mass of water condensation on to the 50 
droplet as the degree of supersaturation at the surface will be higher. 51 
The time at which net water condensation on to the particle changes 52 
to net water evaporation coincides with the point at which all 53 
ethanol has been lost from the droplet. Figure 5b shows the 54 
predicted droplet temperature within the first 0.7 s of evaporation; 55 
an initial rapid cooling of the droplet due to ethanol evaporation is 56 
observed, followed by a much slower increase in temperature due to 57 
the latent heat deposited in the droplet by the condensing water 58 
molecules. When all ethanol has been lost, the droplet temperature 59 
is observed to remain suppressed, but steady. As expected from 60 
Equation 4, the degree of droplet temperature suppression is largest 61 
for the droplet with the fastest evaporation rate (lowest gas phase 62 
RH).  63 
The time of the change in evaporation rate, seen in Figure 4, 64 
corresponds to the time at which there is an apparent reversal in the 65 
direction of the water mass-flux in Figure 5. The radius at which this 66 
occurs is directly related to the mass of water that condenses onto 67 
the droplet in the first ~ 0.3 seconds. This depends on the droplet 68 
initial starting composition (mass fraction of ethanol), the specific 69 
latent heats of vaporisation of water and ethanol, the initial droplet 70 
starting size and the gas phase RH. There are multiple possible 71 
sources of uncertainty both in the experiment and in the model, 72 
however the agreement between the model and experimental data 73 
is reasonable. We have considered all sources of experimental error 74 
and their effect on the model output in the following section. The 75 
model describes the evaporation and condensation process with an 76 
agreement to the experimental data that we believe it close enough 77 
for the model to make valuable predictions for other similar cases of 78 
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multiple volatile components, relevant to a variety of important 1 
applications. 2 
Uncertainties in Evaporation Measurements and Sensitivities of 3 
Model Predictions 4 
Uncertainties in the measurements and assumptions about their 5 
interpretation could lead to an incorrect choice of parameters used 6 
in the model comparison. The model agrees with the experimental 7 
data capturing the change in evaporation rate representing the 8 
reversal of water mass-flux, although the model does consistently 9 
underestimates the radius at this point. This suggests that the model 10 
underpredicts the extent to which water condenses onto the droplet 11 
during the period of ethanol evaporation. Factors in the experiment 12 
that affect the interpretation of the mass of water in the droplet at 13 
the end of the first stage of evaporation include uncertainties in the 14 
initial droplet composition, the initial droplet size and the gas phase 15 
RH. Whilst efforts were made to minimise the time between solution 16 
preparation and CK-EDB measurements, the volatilities of ethanol 17 
and water are sufficiently high that the starting droplet composition 18 
may not be exactly that intended. This has been discussed in more 19 
detail in the supporting information, where Fig. S3 presents model 20 
calculations for the data in Fig. 4a – 4d, with a variation in the initial 21 
assumed composition of the droplets. The extent to which the initial 22 
composition must be changed to get the model and data to fully 23 
match is greater than can be realistically expected, but may be a 24 
contributory factor in the experimental uncertainty.  25 
The numerical model also relies on an accurate value of the initial 26 
droplet radius. As the droplet is produced outside the CK-EDB by the 27 
droplet-on-demand generator and injected into the trapping 28 
chamber, there is a flight-time of approximately 0.1 s before the 29 
droplet is trapped and no measurement of droplet size is possible 30 
prior to this time. In previous work with aqueous aerosol droplets, 31 
the initial droplet size was estimated by a linear back extrapolation 32 
of the temporal dependence of the radius-squared (r2) recorded 33 
immediately following droplet capture. 43 However, the initial 34 
evaporation rate of an ethanol-water droplet is likely to be non-linear 35 
in r2 with time, particularly at early time and in the early stages of 36 
evaporation. This is explored in more detail in the supporting 37 
information. We show that an extrapolation using a 2nd order 38 
polynomial fit of r2 versus time in the initial part of the data gives a 39 
larger initial droplet radius, and an improvement of the agreement 40 
between the model and the data. An error in the initial starting radius 41 
of 1.45 µm would cause the model to fully match the data and, whilst 42 
this is not a plausible error, we show that this is still a possible 43 
contributing factor to the experimental uncertainty.  44 
The final experimental factor which impacts the accuracy of the 45 
model prediction is the measurement of the gas phase RH. As 46 
described earlier in the manuscript, the gas phase RH in the trapping 47 
chamber is determined immediately prior to an ethanol-water 48 
droplet evaporation measurement using a probe droplet containing 49 
either pure water or aqueous sodium chloride. This method for 50 
determining the RH has been reported by us previously and has been 51 
demonstrated to have accuracies far in excess of those available with 52 
commercial relative humidity probes or with assuming a particular 53 
value based on the ratio of the gas phase mass flow rates of humid 54 
and dry air. 20,43,44 The effect of the uncertainty in the RH retrieved 55 
using the probe droplet on the ethanol-water evaporation profile is 56 
shown by the shaded regions in Figure 4. The magnitude of the 57 
uncertainty is insufficient to explain the disagreement between the 58 
model and the measurement.  59 
The mass of water calculated to condense on to an evaporating 60 
ethanol-water droplet is highly dependent on the extent of the 61 
droplet surface temperature suppression. This is shown in Figure 5b 62 
for the four cases of 50% ethanol : 50% water droplet evaporations 63 
shown in Figure 4.  All show a similar shape of the time-dependent 64 
droplet temperature profile, with an initial sharp drop in 65 
temperature as ethanol evaporates, followed by the droplet 66 
warming and equilibrating at a constant temperature when the 67 
evaporating species becomes solely water. This equilibrium 68 
temperature is reached when the energy lost from the droplet due 69 
to the evaporating mass flux of water is balanced with the thermal 70 
energy supplied to the droplet from the gas phase. The model 71 
calculates the droplet temperature using an energy-balance 72 
approach with the aggregate mass flux: it considers both the 73 
negative mass flux of ethanol and positive mass flux of water. If the 74 
model underpredicts the magnitude of the droplet temperature 75 
suppression, the mass of water calculated to condense on to the 76 
droplet will also be underestimated, leading to a lower predicted 77 
radius at the inflection point than would be seen experimentally. The 78 
implications of a droplet temperature suppression are explored 79 
further in the next section. 80 
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The Evaporation of Pure Ethanol Droplets in Dry and Humid 1 
Nitrogen 2 
The measured evaporation profile of a pure ethanol droplet into 3 
nitrogen at 91% RH and 293 K is shown in Figure 6a and is compared 4 
to the profile of a pure ethanol droplet into dry nitrogen at 293 K. In 5 
dry nitrogen gas, the pure ethanol droplet is observed to evaporate 6 
at a constant rate throughout its lifetime. This is shown from the 7 
inset in Figure 6a. By contrast, the evaporation of a pure ethanol 8 
droplet in humid nitrogen proceeds through two distinct stages of 9 
mass flux, similar to those observed for the case of the mixed 10 
ethanol-water droplets shown in Figure 4. This difference in the 11 
droplet behaviours can be explained as follows.  12 
In both instances, the ethanol droplets undergo rapid cooling due to 13 
the removal of energy from the droplet caused by the evaporation of 14 
the ethanol. As discussed previously, this decrease in temperature 15 
leads to a reduction in the saturation vapour pressure of water at the 16 
droplet surface. For the droplet evaporating into humid nitrogen, the 17 
saturation vapour pressure of water decreases below the partial 18 
pressure of water in the gas phase, leading to supersaturation of 19 
water vapour at the droplet surface, and causing condensation of 20 
water from the gas phase on to the droplet. This changes the droplet 21 
composition from a pure ethanol droplet to a pure water droplet, 22 
once the ethanol has evaporated, giving the two distinct evaporation 23 
stages. This changes the droplet composition from a pure ethanol 24 
droplet to a pure water droplet, giving the two distinct evaporation 25 
stages. Conceptually this is a very important result, as it shows that 26 
droplets which are initially non-aqueous undergoing rapid 27 
evaporation in a humid environment can become significantly water 28 
enriched through condensation of water vapour from the gas phase. 29 
For the ethanol droplet evaporating into dry nitrogen, there is no 30 
water vapour present in the gas phase and so the relative humidity 31 
in the flow remains zero. This is in agreement with a previous report 32 
of the importance of air humidity on the presence of condensed 33 
water or ice onto evaporating propellant droplets in spray-driers. 45 34 
The change in composition of the ethanol droplet evaporating into 35 
the humid environment is confirmed by the model simulations in 36 
Figure 6b, which shows predictions of the time-dependent droplet 37 
temperature and the time-dependent droplet composition. The large 38 
mass flux of ethanol at times earlier than 0.4 s causes the droplet 39 
surface temperature to initially cool to ~6 K lower than the gas phase 40 
temperature, inducing a supersaturation of 150% at the droplet 41 
surface set by the partial pressure of water in the surrounding gas 42 
phase at 293 K. This leads to a complete switch in the droplet 43 
composition as water vapour from the humid gas phase condenses 44 
on the cooled droplet surface; after 0.4 seconds the composition of 45 
the originally ethanol droplet becomes completely that of water. The 46 
magnitude of the initial temperature suppression predicted by the 47 
model under humid conditions is not as large as the ~ 15 K 48 
temperature suppression estimated for a pure ethanol droplet 49 
evaporating in dry air, predicted with a simple Maxwell simulation, 50 
as shown in Fig. 1. The condensation of water onto the droplet from 51 
the gas phase releases energy and mitigates, to some extent, the 52 
evaporative cooling from the loss of ethanol.  53 
The amount of water that can condense onto an evaporating droplet 54 
is indeed affected by the magnitude of temperature suppression, but 55 
also by the initial droplet composition. To compare the data at 91% 56 
RH in Fig. 5 with the data also at 91% in Fig. 6, there is a much greater 57 
degree of water accommodation onto the droplet that was initially 58 
pure ethanol, than onto the droplet that was a 50% mix of ethanol 59 
and water (1.4 x 10-12 kg compared to 0.4 x 10-12 kg, respectively). In 60 
both cases, the gas phase RH was 91%. The rate of ethanol 61 
evaporation was similar, as there is no ethanol vapour in the gas-62 
phase, so for both cases the droplet temperature was ~ 288 K. 63 
However, when the initial droplet composition is pure ethanol there 64 
is more ethanol to evaporate, so the timeframe at which the droplet 65 
is cooled lasts longer (0.5 s). Additionally, there is a value of zero 66 
water-activity in the droplet, so the rate of water condensation 67 
during this cooled period is faster. When there is a 50% mix of 68 
ethanol and water initially, the water activity is non-zero, hence the 69 
rate of condensation is reduced compared to the pure ethanol 70 
droplet, as well as a slightly shorter time at which the droplet is 71 
cooled (0.3 s). Hence, when the initial droplet is pure ethanol, there 72 
is a greater mass of water condensing on compared to the mixed 73 
droplet.  74 
The large degree of water condensation occurring onto the droplet 75 
during ethanol evaporation has broader implications for 76 
understanding volatile droplet evaporation, particularly in the field 77 
of respiratory drug delivery. The formulations used in metered dose 78 
inhalers typically contain highly volatile propellants with large 79 
evaporation rates. The results from this work show that such a 80 
droplet would evaporate very quickly. The RH in the human lung has 81 
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been shown to reach around 99.5%, 46 so the effect of evaporative 1 
cooling acting on the droplet surface could cause a rapid switch in 2 
composition to only consist of the drug in water after just a few 3 
hundred milliseconds. The evaporation profile of how the drug 4 
behaves in water, as opposed to in the manufactured solvent and 5 
propellant, must then be accounted for when considering droplet 6 
size distributions, the disposition of APIs on deposition, and lung 7 
deposition fraction. 2 8 
Conclusions 9 
This study demonstrates the extent to which mass and heat flux are 10 
coupled during the evaporation of micron-sized droplets of water 11 
and ethanol mixtures. A detailed understanding of droplets 12 
containing mixtures of volatile components behave in atmospheres 13 
of different temperatures and relative humidities is essential for a 14 
range of industries. A model has been developed that validates the 15 
experimental evidence of rapid condensation of water occurring 16 
concurrently with ethanol evaporation, which impact applications in 17 
spray drying and drug delivery. Formulations containing multiple 18 
volatile components are prevalent in a wide range of important 19 
applications and the model presented in this work will be of use to 20 
predict the evaporation kinetics under many different conditions. 21 
We demonstrate the importance of considering the droplet 22 
temperature in kinetic modelling: the rapid evaporation of droplets 23 
in humid atmospheres can lead to condensation from the gas phase 24 
onto the droplet surface. The evaporation rates of propellants 25 
typically used in metered dose inhalers can be much greater than 26 
ethanol; hence evaporative cooling of such a droplet can be expected 27 
to have an enormous effect on the evaporation kinetics, and lead to 28 
a large degree of water condensation. The subsequent evaporation 29 
of the condensed water can lead to a droplet having much longer 30 
lifetimes than expected, which is important to consider in spray-31 
drying and inhalation models. We have presented results on ethanol 32 
and water as volatile components in a single droplet, however the 33 
results of this work are applicable to a range of different volatile 34 
solvents. In the field of spray-drying there would be additional 35 
involatile salts present. The variation in droplet temperature caused 36 
by multiple solvents evaporating at different rates, demonstrated 37 
here, could cause changes to parameters such as the droplet 38 
viscosity and surface tension, which would be expected to lead to 39 
significant differences in the morphology, density and degree of 40 
crystallinity for the final product. Whilst the model and experimental 41 
data presented here have inherent uncertainties, outlined in detail 42 
in the supporting information, this work represents a significant step-43 
forward in the understanding and prediction of the kinetics of rapidly 44 
evaporating aerosol droplets containing multiple volatile 45 
components. 46 
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Figure 1: The evaporation of a droplet containing 70% ethanol : 30% water (wt/wt) into dry nitrogen at 293 K (blue squares) 
compared to that of a pure ethanol droplet under the same conditions (red triangles). Dashed lines show predicted ethanol 
evaporation profiles at 276 and 293 K simulated using Maxwell’s equation. The black line shows a theoretical evaporation profile of a 
pure water droplet of equivalent volume to that present in the 70% ethanol :30% water mixture, at 293 K in dry nitrogen. Grey circles 
show the evaporation of a droplet containing 50% ethanol : 50% water (wt/wt) into dry nitrogen at 293 K. 
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Figure 2: The evaporation profiles of droplets containing 70% ethanol : 30% water (wt/wt) in dry nitrogen over a range of gas phase 
temperatures. 
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Figure 3: a) The time-dependent radius2 of droplets containing 50% ethanol : 50% water (wt/wt) as they evaporate into 
environments of different RH at 293 K. b) The correlation between the evaporation rate of the second regime in the 
evaporation curve and 1 - the RH. 
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Figure 4: The evaporation of 50% ethanol : 50% water droplets (wt/wt) in the CK-EDB compared to a numerical model at 293 
K with a gas phase RH of a) 58%; b) 77%; c) 87% and d) 91 %. e) The evaporation of a 70% ethanol : 30% water droplet (wt/wt) 
at 293 K at a gas phase RH of 71%. The shading refers to the effect on the model of the uncertainty in the experimental 
conditions, such as RH, temperature and initial droplet radius. 
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Figure 5: a) Model results of the time-dependent composition of mixed ethanol-water droplets shown in Figure 5 (initial 
concentration of 50% ethanol : 50% water, wt/wt, respectively). b) Model results of the droplet temperature within the first 
0.7 s of evaporation. 
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Figure 6: a) The evaporation of a pure ethanol droplet in dry nitrogen compared to within 91% humidity gas phase. The 
evaporation profile shows that a second evaporation regime occurs when the droplet is surrounded by water vapour, 
indicating that water condensed onto the droplet within the first 0.4 s of the droplet lifetime. The experimental data is 
compared to the model results, which predicts a similar evaporation profile. Inset: The radius-squared of the pure ethanol 
droplet evaporating into dry nitrogen, with a linear fit. b) The temperature of the surface of a pure ethanol droplet as it 
evaporates into a gas phase RH of 91%. The mass of ethanol in the droplet is also shown, along with the mass of water that 
condenses onto the droplet and then evaporates after 0.4 s. 
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